Chapter 43: nuclear physics
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Nuclear reactions
Nuclear fission
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Properties of nuclei
A nucleus can be modeled as a sphere with a radius R that depends on the
total number of neutrons and protons (nucleon number A),
where the constant R0 is experimentally determined to be around 1.2 fm.
The nucleon number can be written as the sum of the atomic number Z and the
neutron number N,
A single nuclear species having specific values of both Z and N is called a
nuclide. Nuclides that have the same Z but different N are called isotopes.
The nucleon number is also called the mass number. The neutron has a mass
of 1 unified atomic mass unit (1 u). The proton has a mass of 0.9986 u, which
is approximately 1 u.
Because protons and neutrons have approximately equal masses, and because
all nuclei are tightly packed, density of nuclei are all about the same.

Composition of some nuclides

Nuclear spin and angular momentum
Protons and neutrons are both spin ½ fermions. The magnitude of the spin
angular momentum ⃗ of a nucleon is

The z-component of the spin is

.

There may also be orbital angular momentum associated with nucleon
motions within the nucleus.
The total angular momentum of the nucleus is the vector sum of the
individual spin and orbital angular momenta of all the nucleons, where the
magnitude is given by
The z-component of the total angular momentum is

.

The magnetic moment of nucleons
When there is a net angular momentum of a charged particle (or particle
composed of charged particles in the case of a neutron), there is also a
magnetic moment.
Analogous to the Bohr magneton in atomic physics, we can define a nuclear
magneton mn, where

The proton and neutron have anomalous magnetic moments with the zcomponent of the spin magnetic moments not of integer or half integer values.
This is not surprising as they are NOT fundamental particles, and in fact are
baryons made up of three quarks each.
The z-component of the proton and neutron magnetic moments are measured
to be
(proton)

(neutron)

Nuclear magnetic moments and MRI
A nuclear spin can flip in the presence of a magnetic field from being aligned
against the magnetic field to being aligned along the magnetic field.
When this flip occurs, there is a change in energy due to the change in
potential energy as previously defined as
.
These changes in energy release photons, which can be detected. An Magnetic
Resonance Imaging (MRI) machine is made to detect these photons.

Nuclear binding energy
The energy that must be added to separate the nucleons is called the nuclear
binding energy EB, where the rest energy of the nucleus is E0 − EB.
The mass defect is the mass increase of the nucleus due to the binding energy,
where the mass increases by an amount EB/c2.
The binding energy for a nucleus containing Z protons and N neutrons is
given by
where
is the mass of the neutral atom and
one proton and one electron.

is the collective mass of

An example is deuterium where one proton and one neutron are in the nucleus
with one electron “orbiting” the atom. The nucleus formed by one proton and
one neutron is called a deuteron. The binding energy follows as

Nuclear binding energy of atomic nuclei

Nuclear force
The nuclear force is caused from the strong interaction. The strong force holds
the quarks together to form the proton and neutron baryons. Some of that
force extends beyond the size of the baryons to force them together in the
nucleus.
The nuclear force only acts on small scales of approximately a femtometer.
On these small scales, the nuclear force is much stronger than the Coulomb
force that repels the protons.
The strong interaction’s binding of the nucleus is more complicated that of the
Coulomb force or gravitational force (which simply drops as 1/r2 from a point
source in three-dimensional space).
In a large nucleus, nucleons that are far from each other (beyond a
femtometer) do not interact via the strong force, which is different than the
Coulomb repulsion.
The nuclear force favors binding of pairs of protons or neutrons with opposite
spins and of pairs of pairs. These nuclei with nucleon pairs are the most stable.

Going from medium mass nuclei to heavy nuclei, the average binding
energy per nucleon

A. increases.
B. behaves randomly with no clear pattern.
C. decreases.
D. does not change.

Liquid-drop model
The liquid-drop model is based on the similar density of all nuclei, which is
similar to the molecules in a liquid held together by neighboring interactions
and surface tension.
This semi-empirical model contains five terms that contribute to the liquiddrop-like features of nuclei,

Proportional to # of nucleons
Coulomb repulsion
Decreased binding at surface

We can fit the parameters of this model by
measuring the mass of the neutral atoms and
substituting the liquid-drop model equation
into the following equation,

Spin pairing
Proton and neutron balancing

Shell model and magic numbers
The shell model of nuclear structure is analogous to the central-field
approximation in atoms. In the shell model, each nucleon moves in the
potential approximated as the averaged effect due to all the other nucleons.
We can use the concept of filled shells and subshells and their relationship to
stability. In atomic structure we found that the values Z = 2, 10, 18, 36, 54,
and 86 are very stable (nobel gases).
The numbers corresponding to the stable shells is different in nuclear physics
relative to atomic physics because the potential is different. Stable nuclei
occur when either protons OR neutrons have the “magic numbers” 2, 8, 20,
28, 50, 82, and 126. Note that an atom with 126 protons has not been found.
The magic numbers correspond to unusually high binding energies (high
stability).
Extremely stable isotopes have double magic numbers for protons and
neutrons,

Nuclear stability
Most nuclei are unstable. Only around
300 are stable (relative term) out of
more than 2500 nuclei discovered.
The stable nuclides are shown by dots
on the graph.
The fraction of neutrons to protons
increases as the number of protons
increases in nuclei.
As observed by the graph, there is a
very narrow range for stability.

Heavier stable nuclei tend to have

A. more neutrons than protons.
B. the same number of neutrons and protons.
C. no clear trend in the relative number of neutrons and protons.
D. more protons than neutrons.

Consider two different isotopes of the same neutral element. Which
statement about these isotopes is true?
A. Both isotopes contain the same number of neutrons.
B. Both isotopes contain the same number of nucleons.
C. Both isotopes contain the same number of protons.
D. The sum of the protons and neutrons is the same for both isotopes.

Alpha decay
A little over 10% of all nuclides are stable, and the other nuclides are
radioactive.
An unstable nuclide can undergo alpha decay, where an alpha particle (2
protons and 2 neutrons with zero net spin) is ejected from the nuclide.
Alpha decay is possible whenever the mass of the original neutral atom is
greater than the sum of the masses of the final neutral atom and the neutral
helium-4 atom.

Beta decay
There are three different simple types of beta decay: (1) beta-minus (
electron), (2) beta-plus ( is a positron), and (3) electron capture.

is an

Emission of a
involves transformation of a neutron into a proton, an
electron, and a third particle called an antineutrino.
Beta-minus decay can occur whenever the mass of the original neutral atom is
larger than that of the final atom. It is likely to occur when N/Z is too large.
Nuclides for which N/Z is too small for stability can undergo beta-plus decay
by transforming a proton into a neutron and emiting a
particle (positron)
and a neutrino.
Beta-plus decay can occur whenever the mass of the original neutral atom is at
least two electron masses larger than that of the final atom.

Beta decay via electron capture
There are a few nuclides for which emission is not energetically possible but
in which an orbital electron (usually in the K shell) can combine with a proton
in the nucleus to form a neutron and a neutrino.

Electron capture can occur whenever the mass of the original neutral atom is
larger than that of the final atom.

Gamma decay
A nucleus has a set of allowed energy levels, including a ground state and
several excited states.
Excitation energies of nuclei are typically of the order of 1 MeV, compared
with a few eV for atomic energy levels.
A nucleus can be placed in an excited state by
either bombardment with high-energy particles
or by a radioactive transformation. It then
decays to the ground state by emission of one
or more photons called gamma rays.
In both alpha and beta decay, the Z value of a
nucleus changes and the nucleus of one element
becomes the nucleus of a different element. In
gamma decay, the element does not change.

Natural decay paths
When nuclei decay, the decaying
nucleus is usually called the parent
nucleus, and the resulting nucleus
is the daughter nucleus.
When a radioactive nucleus decays,
the daughter nucleus may also be
unstable. In this case a series of
successive decays occurs until a
stable configuration is reached.
A Segrè chart can be drawn up
showing the decay route. An
example Segrè chart for 238U is to
the right.

Radioactive decay rates
The decay rate is proportional to the number of radioactive nuclei N(t) in a
sample,
where is the decay constant. The decay constant depends on the type of
nuclide.
Setting the initial number of nuclei to N0, we can solve the above equation to
get
The half-life
is the time required for the number of
radioactive nuclei to decrease to one-half the original
number N0.

The mean lifetime of a nuclei is proportional to the half-life,

If a nucleus decays by alpha decay to a daughter nucleus, which of the
following statements about this decay are correct?
A. The daughter nucleus has fewer protons and more neutrons
than the original nucleus.
B. The daughter nucleus has fewer neutrons and more protons han
the original nucleus.
C. The daughter nucleus has fewer protons and neutrons than the
original nucleus.
D. The daughter nucleus has more protons and neutrons than the
original nucleus.

A radioisotope has a half-life of τ at a temperature of 150 K. If its
temperature is increased to 300 K, what will its half-life be?

A. t/4
B. t/2
C. t
D. 2t

Sources of radiation

Biological effects of radiation
As radiated particles pass through matter, they lose energy by breaking
molecular bonds and creating ions.
Radiation dosimetry is the quantitative description of the effect of radiation on
living tissue.
The absorbed dose of radiation is defined as the energy delivered per unit
mass, where the SI unit of absorbed dose is called a “Gray” (1 Ga = 1 J/kg).
The dose can be measured in smaller units called a “rad” (1 rad = 0.01 Ga).
Equal energies of different kinds of radiation cause different extents of
biological effect, where the variation is described by a numerical factor called
the Relative Biological Effectiveness (RBE). The RBE has units of [Sv/Ga] or
[rem/rad].
The SI unit of equivalent dose for humans is the Sievert (Sv), or sometimes
the rem (1 rem = 0.01 Sv). The equivalent dose is calculated via

Nuclear reactions
In addition to natural decay processes, nuclei can be bombarded by particles to
cause nuclear reactions.
For example, Rutherford subjected nitrogen to energetic alpha particles, which
resulted in oxygen isotopes and hydrogen in the reaction

The classical conservation principles for charge, momentum, angular
momentum, and energy are all obeyed in nuclear reactions.
The difference between the masses before and after the reaction corresponds
to the reaction energy, where E = mc2. If initial particles A and B interact to
produce final particles C and D, the reaction energy is given by

The neutral atomic masses are used to balance the electron masses, e.g., we
use the mass of
for the mass of a proton.
Q > 0 is an exoergic reaction

Q < 0 is an endoergic reaction

Nuclear fission
The process by which an unstable nucleus splits into two fragments of
comparable mass is called nuclear fission.
A famous example is the bombardment of uranium isotopes by neutrons. 235U
is easily split by low energy neutrons, but 238U requires neutrons with kinetic
energies above 1 MeV.
Fission resulting from neutron absorption is called induced fission. Some
nuclides can even undergo spontaneous fission without initial neutron
absorption.

Qualitative description of nuclear fission
• A 235U nucleus absorbs a neutron and becomes a 236U* nucleus with excess
energy.
• The excess energy causes violent oscillations and the nucleus develops two
lobes.
• Electric repulsion causes the lobes to move farther apart and break into two
smaller nuclei.

Nuclear fission chain reactions
Fission of a uranium nucleus releases
other neutrons that can trigger more
fission reactions, which can cause a
fission reaction.

A nuclear reactor is a system in which
a controlled nuclear chain reaction
heats of water to turn a steam turbine.

Nuclear fusion
When two or more small light nuclei come together, or fuse, to form a larger
nucleus, the process is called nuclear fusion.
Examples of energy-releasing fusion reactions follow:

These three processes make up the proton-proton chain reaction. This type of
fusion chain reaction occurs in stars.
For two nuclei to undergo fusion, they must come together to within the range
of the nuclear force, about two femtometers.
The kinetic energy each of two protons must have in a head on collision to be
this close without being repelled too early is approximately 6.0×10−14 J. The
temperature to reach this kinetic energy is found via

